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Abstract 
The effect of Plasma on Campylobacter and Salmonella on the surface of chicken breast 
and chicken skin 
Brian P. Dirks 
 
 
 
Foodborne illness is a major health concern with an estimated 76 million cases 
annually.  A great deal of effort and finances are focused on reducing and eliminating the 
incidence of foodborne illness.  Salmonella spp. and Campylobacter jejuni, pathogens 
commonly found on raw poultry are the leading causes of foodborne illness in the United 
States.  If food is cooked to an appropriate temperature the pathogens are killed and the 
food is safe for consumption.  However, consumer handling often creates the risk for 
foodborne illness due to situations such as temperature abuse and cross-contamination.  
Chicken are known to harbor both Salmonella and Campylobacter in their intestines and 
readily shed them through feces.  Shedding of these pathogens can lead to contamination 
of whole flocks.  Campylobacter is carried asymptomatically in chickens making it 
difficult to detect in the animal.  Once in the processing facility pathogens both 
internalized in the chicken as well as carried on skin and feathers create a risk of a 
contaminated finished product.  Poultry processing plants have many interventions such 
as chemical rinses like chlorine and tri-sodium phosphate (TSP) established to reduce 
these pathogens from the surface of the chickens, yet Salmonella spp. and Campylobacter 
jejuni are still present on products available to consumers and they are still the leading 
cause of foodborne illness.  Irradiation technology has been proven to substantially 
reduce pathogens on the surface of food including poultry but has not been embraced by 
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consumers.  This leaves a serious need for an intervention technology that can be utilized, 
in conjunction with other methods in place to further reduce or eliminate pathogens on 
the surface of food.  When considering raw chicken it is important to find an intervention 
that is non-thermal, producing no heat to cook the meat or cause any adverse effects to 
the sensory aspects of the food.  Safety for the consumer and cost to the processing 
company are also important.  Non-thermal atmospheric pressure plasma is a new 
technology that has the potential to be an effective intervention.  Being non-thermal it 
will not partially cook the food and leaves no residual material on the surface that can be 
harmful to the consumer.   
In this study dielectric barrier discharge (DBD) plasma (a type of non-thermal 
atmospheric pressure plasma) was tested to determine its effectiveness in reducing or 
eliminating Salmonella enterica and Campylobacter jejuni.  Plasma was shown to be 
effective in reducing 4 log10 of both organisms in 5 seconds and 6 log10 in 10 seconds.  
Plasma was also applied to boneless skinless chicken breast and skin covering chicken 
thigh inoculated with 101, 102, 103, and 104 total CFU of Salmonella enterica and 
Campylobacter jejuni.  Salmonella enterica was reduced a maximum of 2.54 log10 and 
1.31 log10 on chicken breast and chicken skin respectively after up to 3 minutes of plasma 
exposure.  Campylobacter jejuni was reduced a maximum of 2.45 and 3.11 log10 on 
chicken breast and chicken skin respectively after up to 3 minutes of plasma exposure.  
Plasma was applied to chicken breast and chicken skin to determine the effect on 
background microflora on the surface.  After 30 seconds the background microflora was 
reduced a maximum of 0.91 log10 and 0.38 log10 on chicken breast and skin respectively.   
DBD was more effective on chicken breast than on chicken skin however both pathogens 
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were significantly reduced on both surfaces after only 15 seconds.  Reduction was less 
impressive on background microflora on the surface of the chicken.  No adverse effects 
were noticed on the surface of the chicken after plasma application.  This study 
demonstrates the feasibility of DBD plasma as a non-thermal intervention to further 
reduce foodborne pathogens on the surface of raw poultry. 
 
xvii 
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Chapter 1: INTRODUCTION 
 
1.1 Foodborne illness 
An estimated 76 million cases of foodborne illness occur each year in the United 
States.  In addition to many mild cases there are approximately 325,000 hospitalizations 
and 5,000 deaths associated with food borne illness [1, 2].  Most cases associated with 
mortality are in patients that are children, elderly, or immunocompromised.  Normally 
healthy people must be exposed to a large concentration of an organism to become 
seriously ill [1, 2].  There are over 250 different types of foodborne illness identified 
being caused by pathogens, chemicals, or other harmful substances present in food.  Most 
of the infections are caused by pathogens including bacteria, viruses, and parasites.  The 
most common cases of foodborne illness in the United States are caused by 
Campylobacter, Salmonella, E. coli O157:H7, and Calcivirus (Norwalk-like virus). 
Salmonella and Campylobacter are the leading cause of food borne illness in the 
United States as well as most of the developed world with most cases in the United States 
resulting from consumption of contaminated poultry [1-7].  Substantial sums of money 
are lost due to health care costs and lost working hours [8].  In the United States it is 
estimated that the costs of Salmonella and Campylobacter each year range from 0. 9 - 3.6 
billion dollars and 0.8 – 5.7 billion dollars respectively [9].  
Between 1998 and 2002 there were a total of 6,647 outbreaks of foodborne 
disease causing 128,370 illnesses.   The etiology of 2,167 (33%) outbreaks was 
determined with 55% being caused by bacterial pathogens.  Salmonella serotype 
Enteritidis accounted for the largest number of outbreaks and outbreak cases.  From 
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1998-2002 Salmonella accounted for 585 outbreaks, 16,821 cases, and 20 deaths.  
Campylobacter accounted for 61 outbreaks, 1,440 cases, and no deaths [10].  In the last 
year there have been outbreaks involving Salmonella in jalapeno peppers, alfalfa sprouts, 
and peanut butter [4, 5].  
1.2 Tracking Foodborne Ilnness 
In 1996 the CDC established the Foodborne Diseases Active Surveillance 
Network (Foodnet) which collects data from 10 states on laboratory confirmed infections 
of foodborne pathogens.  The pathogens of interest include: Campylobacter, 
Cryptosporidium, Cyclospora, Listeria, Shiga toxin-producing Escherichia coli (STEC) 
0157, Salmonella, Shigella, Vibrio, and Yersinia. In 2008 Foodnet identified a total of 
18,499 laboratory confirmed infections.  Salmonella accounted for the highest incidence, 
7,444 (16.2 per 100,000 U.S. population) and Campylobacter had the second highest 
incidence, 5,825 (12.7 per 100,000 U.S. population).  The highest incidence of both 
pathogens occurred among children less than 4 years old.  The highest hospitalization and 
death for both pathogens occurred among individuals greater than 50 years old.  Among 
the 6,750 Salmonella isolates serotyped, Enteritidis accounted for 20.1% and 
Typhimurium accounted for 16% of infections.  When comparing these results with 
previous years there was no significant change in the incidence of Salmonella and 
Campylobacter over the last three years.  When compared with 1996-1998 foodborne 
illness caused Campylobacter has decreased 32% while incidence of illness due to 
Salmonella has not statistically changed [6].  Foodnet data further supports that 
Salmonella and Campylobacter are the leading causes of foodborne illness in the United 
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States making them important organisms to study and attempt to eliminate or reduce from 
food products. 
1.3 Consumer Handling 
Prevention of food borne illness continues to be a major concern for consumers, 
the food industry, and regulatory agencies [11]. Recent outbreaks and recalls provide 
evidence that researchers and producers are still lacking in the technology to completely 
eliminate all food borne pathogens from food [5].  Even if pathogens are present on raw 
food most microbes are killed by heat if the internal temperature of food is raised above 
160°F or 78°C.  This means that as long as consumers handle and cook their food 
correctly foodborne illness should not be a problem.  Lack of proper education in safe 
food handling may be to blame in many cases of consumers making mistakes in their 
kitchens, exposing them to potentially harmful pathogens. Outbreaks and incidence of 
foodborne illness are associated with mistakes made by consumer.  Common mistakes by 
consumers include serving contaminated raw food, inadequate cooking and heating of the 
food, obtaining food from unsafe sources, improper cooling of food, leaving food sit too 
long between preparing and serving, and poor hygiene [1, 12-14].  Salmonella and 
Campylobacter have also been found on the external wrapping of raw chicken purchased 
at commercial stores which creates an increased risk for cross-contamination in consumer 
kitchens [15].  Luber et al., 2006 investigated Campylobacter and three of the most 
common cross contamination scenarios.  These scenarios represented common practices 
in the kitchen including 1) placing cooked meat on the same plate that contained raw 
meat, 2) using the same cutting board and utensils that were used to cut raw meat and 
using them to make salad, and 3) direct contamination from touching raw meat with 
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hands and then touching bread rolls.  The authors found transfer rates from chicken legs 
and filets to hands were 2.9% and 3.8% respectively and transfer rate from legs to the 
plate were 0.3%.  The transfer rate from filets to the cutting board were 1.1%, and from 
hands to kitchen utensils to ready-to-eat foods ranged from 2.9% to 27.5% [16].  These 
results indicate that there is a potential for cross-contamination in the kitchen.  Any 
transfer of pathogens to ready-to-eat foods could potentially lead to foodborne illness.  
Many cases of foodborne illness are caused by mishandling of contaminated raw meat by 
consumers at home [17].  It is has been reported that about 25% of people do not wash 
surfaces after cutting raw meat or poultry [12].  Poor personal hygiene of food handlers 
could be responsible for up to 45% of outbreaks [12]. Improper food handling and 
consumption behaviors are relatively common including not washing hands after 
handling raw meat and consuming undercooked food [17-19].   
1.4 Salmonella 
1.4.1 Salmonella Characteristics 
Salmonella is a group of gram-negative rod-shaped bacteria most being mobile by 
means of flagella distributed uniformally over their surface [4, 20, 21].   They are 
facultative anaerobes, chemoorganotrophic (able to utilize a wide range of organic 
substrates), and are able to metabolize nutrients by both respiratory and metabolic 
pathways [21].  The genus Salmonella belongs to the family Enterobacteriaceae and there 
are two species S. enterica and S. bongori.  Salmonella enterica has six subspecies: 
enterica, salamae, arizonae, diarizonae, houtenae, and indica.  It is estimated that 
Salmonella has >2,500 serotypes with Salmonella enterica consisting of 2,443 confirmed 
serotypes and Salmonella bongori containing 20 confirmed serotypes.  The most common 
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serotypes linked to foodborne illness include Enteritidis, Typhimurium, Newport, and 
Stanley [21].  Salmonella is a resilient organism that can adapt and be conditioned to 
extreme environmental conditions including temperatures as high as 54°C and as low as 
2-4°C.  They can also adapt to pH levels ranging from 4.5 - 9.4, outside of their optimum 
range of 6.4 - 7.5 making them capable of sustaining on various food surfaces [21].   
1.4.2 Salmonella in the food chain 
Salmonella is found widespread in animals particularly poultry and swine.  It is 
also be widespread in the environment in water, soil, insects, factory and kitchen 
surfaces, animal feces, raw meat, raw poultry, and raw seafood [20].  The main foods 
contaminated with Salmonella are poultry, meat (i.e. pork, beef, mutton), and eggs 
(outside shell and inside yolk).  Other foods such as dairy products, fish, shrimp, frog 
legs, yeast, coconut, sauces, salad dressings, cake mixes, cream-filled desserts and 
toppings, dried gelatin, peanut butter, cocoa, and chocolate can also be contaminated with 
Salmonella [20, 21].  The USDA’s Food Safety Inspection Service (FSIS) has 
implemented Hazard Analysis Critical Control Point plans in all processing plants to help 
reduce the Salmonella contamination in all meat animals [21].  Fruits and vegetables have 
also been a source of Salmonella in recent years [5].  One major factor influencing 
outbreaks involving produce is the ability of Salmonella to attach and/or internalize into 
fruits, vegetables, and grains.  Contaminated water and fertilizer from animal origin, 
possibly harboring Salmonella are also causes for Salmonella in or on produce [22].  
Additionally globalization of the food supply has made produce more available; products 
can be transported long distances, regardless of season, without spoilage.  Farming 
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practices of other countries may play a role in outbreaks due to the this globalization 
facilitating transport of contaminated produce [23]. 
1.4.3 Salmonellosis 
There are approximately 40,000 cases of Salmonella infection in the U.S. 
annually with approximately 600 deaths [4, 24].  Salmonella infections can lead to 
several conditions.  Salmonella enterica serotypes typhi and paratyphoid can cause 
enteric (typhoid) fever or uncomplicated enterocolitis.  Symptoms of typhoid fever 
appear after an incubation period of 7 – 28 days.  Symptoms include diarrhea, prolonged 
and spiking fever, abdominal pain, headache, and prostration.  Typhoid fever is a serious 
condition and requires treatment with antibiotics [4, 21, 25].   
Infections with non-typhoid strains are usually more acute and generally self-
limiting.  Symptoms such as diarrhea (sometimes bloody), abdominal pain, nausea, 
vomiting, fever, and headache generally can start 6-72 hours after ingestion and lasting1-
7 days.  There is usually no treatment other than supportive therapy such as administering 
fluids when needed.  Non-typhoid Salmonella can also cause systemic infections in 
severe cases [4, 21, 25].   
Other chronic conditions such as aseptic reactive arthritis, Reiter’s syndrome, and 
ankylosing spondylitis can develop after infection with Salmonella [4, 21, 25].  The 
severity of illness caused by Salmonella is dependent on the strain’s ability to infect 
mucosal surfaces, presence of outer membrane LPS, and the ability to invade host cells.  
The infective does can be only a few cells but depends on the individual’s immune 
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system, the strains virulence, and the chemical composition of the food ingested [4, 21, 
25]. 
1.5 Campylobacter 
1.5.1 Campylobacter Characteristics 
Campylobacter is a genus of gram-negative, spiral shaped rod bacteria [3, 21] .  
They are themophilic organisms that are mobile by a single, polar, unsheathed flagella at 
one or both ends.  Most strains are obligate microaerophilic (microaerobic), requiring 5% 
oxygen and 10% carbon dioxide, but some may be aerobic or anaerobic.  Campylobacter 
belongs to the family Campylobacteraceae with the genus Campylobacter consisting of 
18 species and subspecies and the genus Arcobacter containing four species [21].  
Campylobacter jejuni and to a lesser extent, Campylobacter coli are the most common 
species associated with human illness [3, 21]. These organisms are very susceptible to a 
variety of environmental conditions that make it difficult to survive for extended periods 
of time outside of the host.  Campylobacter does not grow at temperatures below 30°C, 
and is sensitive to drying, high oxygen conditions, and low pH [21, 26].   
1.5.2 Campylobacter in the food chain 
Rabbits, rodents, wild birds, insects, sheep, horses, cattle, pigs, poultry, and 
domestic pets are all reservoirs of Campylobacter.  Campylobacter can also be found on 
vegetables, seafood, and water.  In non-chlorinated water Campylobacter can be found 
dormant in a viable but non-culturable state [21, 26].  Campylobacter is estimated to 
affect over 1 million individuals in the U.S. each year with about 100 deaths [3].  More 
than 90% of cases are sporadic, with the consumption (and cross-contamination) of 
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undercooked poultry identified as a risk factor [8, 9, 27].  Fewer than 500 organisms are 
needed to infect a person meaning that even one drop of juice from a contaminated piece 
of chicken is enough to infect and individual [3, 28, 29].  Additionally strains of 
antimicrobial resistant Campylobacter have been found in raw retail meat.  These strains 
have been found resistant to the common treatments for campylobacteriosis such as a 
flouroquinolone like ciprofloxacin.  These resistant strains generally result in a more 
prolonged, severe illness [29]. 
1.5.3 Campylobacteriosis 
The illness caused by Campylobacter, Campylobacteriosis can range from 
asymptomatic to severe.  Symptoms can include: fever, abdominal cramping, muscle pain 
and diarrhea (sometimes bloody).  The symptoms can last several days to a week and are 
usually self-limiting but relapses occur in 5-10% of patients.  Severe cases can be treated 
with antibiotics including erythromycin and ciprofloxacin [3, 21, 26].  Secondary 
disorders that can follow a Campylobacter infection include: hemolytic uremic 
syndrome, bacteremia, bursitis, urinary tract infection, meningitis, acute cholecystitis, 
endocartis, peritonitis, erythema nodosun, pancreatitis, abortion, neonatal sepsis, and 
reactive arthritis [21, 26].   
Campylobacter has also been shown to cause Guillian Barré syndrome or GSB.  
GSB is an autoimmune disorder of the peripheral nervous system.  Campylobacter was 
the cause of 30% of GSB cases, the chance of developing GSB after being infected with 
Campylobacter is 1 in every 1058 cases [30]. 
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1.6 Pathogens in Poultry 
The process of chicken going from the “farm to the fork” involves 1) breeding, 2) 
growth 3) transport to slaughter, 4) slaughter, 5) processing and packaging of meat, 6) 
transport to store 7) consumer handling/cooking, and 8) consumer consumption.  The 
processing of chicken involves stunning/killing, exposure to a scald tank, evisceration, 
washing, chemical disinfection and chilling (see figure 1.1) [31].  The physical separation 
of carcasses, water washes, disinfection, and chilling are all implemented to control 
bacterial load and cross contamination.  The carcasses undergo washing vacuuming, and 
trimming as needed to reduce bacterial load on the carcass before the chilling process.  
This process has been shown to reduce Salmonella and Campylobacter by about 1.5 logs.  
This level of reduction is insufficient for achieving USDA compliance by many 
processing facilities [18].  Scalding and chilling temperatures and chlorine concentration 
can vary this reduction [9]. 
During this process there are many stages where contamination can occur.   
Salmonella and Campylobacter are also commonly found to colonize the mucosal layer 
of the intestines of many species of mammals and birds including those used for meat 
especially chicken [32-34].  Campylobacter even appears to favor avian intestines as a 
commensal environment [35].  Campylobacter has a prevalence of over 80% in chickens 
with 60% of retail raw chicken contaminated at 1-3 log10 CFU/carcass [28, 31, 36].  The 
intestinal tract of chicken may harbor 5-9 log10 CFU/g of Campylobacter.  Salmonella 
has a prevalence of 30%-50% in raw poultry at 1-30 CFU/ carcass.  Due to the presence 
of these pathogens in the gut of chicken control of cross-contamination is an important 
source of contamination [8, 35, 37].   
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Fig 1.1: Flow diagram of a small scale poultry processing facility.  (Available 
from http://www.fao.org/docrep/003/t0561e/T0561E06.htm#ch6A1) 
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1.6.1 Contamination in feed, litter, and water. 
One source of transmission of Salmonella and Campylobacter is from 
contaminated feed and litter [19].  Commercial feed is usually dried pellets that have 
been pasteurized.  Litter is usually wood shavings from sawmills.  The dry conditions of 
both the feed and water are unfavorable for Campylobacter so it is an unlikely cause of 
contamination [8, 35]. 
Campylobacter has been recognized to survive in water in suspension as well as 
attached to biofilms on submerge surfaces [8, 35].  Water has been found to be a 
significant source of contamination.  It is thought that chicks can be infected by drinking 
untreated water.  These aquatic biofilms may harbor pathogens through a variety of 
mechanisms including uptake by a protozoan.  While in the protozoa the bacteria is 
protected to an extent from disinfection [8, 35].  Snelling et al., 2005 found 
Campylobacter jejuni in a variety of protozoa in a broiler house.  The study showed that 
in vitro Campylobacter had increased resistance to disinfection techniques.  This would 
suggest that the interaction of Campylobacter and protozoa present new challenges in 
sanitation and increase the potential of contamination on carcasses [8]. 
1.6.2 Contamination entering the plant 
Human traffic, wild and domestic animals, and insects can all bring in potential 
contaminates from the outside environment [35].  A variety of biosecurity measures 
include boot dips and hygiene barriers are generally implemented on broiler farms and in 
processing plants [38].  Transport containers may contain pathogens and failure to 
disinfect may cause infection of subsequent flocks due to chickens’ tendencies to be 
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coprophagic or ingest feces [35, 38].  Decontamination of these container surfaces is 
challenging because the pathogens are protected by fecal material.  Ramesh et al., 2002 
found that for Salmonella cleaners containing sodium hypochlorite and alkaline peroxide 
were both able to completely eliminate Salmonella after 2 minutes [38].   
Chicken entering the processing plant carrying Salmonella and Campylobacter 
internally in the intestines or externally on skin and feathers are a major source of 
contamination [32, 38].  There is also the possibility that that stress can lead to relocation 
of pathogens from the gut to the blood circulation leading to the muscle [32].  It is also 
thought that contaminated instruments can introduce pathogens in the blood stream of the 
chicken and contaminate muscle tissue as well [32].    
Campylobacter can also be found in aerosol however there is an assumption that 
they cannot survive long and so the role of bacterial aerosols is not fully understood [39].  
Ventilation systems in processing plants have been identified as potential reservoirs for 
bacteria where they could then be distributed airborne.  The potential for this 
demonstrates a need for physical segregation of dirty and clean areas of a processing 
plant [40].  
1.6.3 Induced molting 
Another problem associated with increased salmonella is the process of induced 
molting.  Molting is a process that all birds go through to renew feathers before 
migration.  Commercial laying operations often artificially induce molting over a 6-8 
week period to increase egg production by adding a second laying cycle.  Feed 
withdrawal is the primary method of induced molting.  The stress related with feed 
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withdrawal coupled with the changes in the microenvironment of the crop increases 
susceptibility to Salmonella.  Endogenous microflora such as Lactobacillus, thrive in the 
nutrient rich crop and limit the virulence of Salmonella.  When food is lacking in the 
crop, alterations of endogenous bacteria cause a failure to protect the chicken from 
Salmonella invasion [41, 42].  Corrier et al., 1997 attempted to supplement laying hens 
with lactose while undergoing molting to supplement the endogenous microflora.  This 
was not successful because the lactose was added to the water and molting hens show a 
decrease in water consumption when undergoing molting [41].   
1.6.4 Contamination of eggs 
Vertical transmission of Salmonella and Campylobacter from infected breeders to 
their offspring through contamination of the eggs is one possibility of how these 
pathogens spread throughout flocks and/or are present inside of eggs  ([8, 35, 43-45].  
Salmonella has been shown to be present in eggs [46] and contaminated eggs are also a 
major food safety risk [4]. In Campylobacter this has been shown but is not thought to be 
the major route of transmission [44, 45].   
1.6.5 Pathogen Reduction Hazard Analysis Critical Control Points regulations  
In 1996 the United States Department of Agriculture’s Food Safety and 
Inspection Service established pathogen reduction hazard analysis critical control point 
regulations (PR-HACCP) for food safety performance standards for broiler (young) 
chicken processing plants [47, 48].  The goal of implementing these PR-HAACPs is to 
prevent food borne infection by reducing the presence of pathogens on meat.  The PR-
HAACP has four components: 1) formulation of standard operating procedures for 
sanitation, 2) development of establishment specific HACCP plans, 3) testing by the 
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establishment for E. coli, and 4) testing by FSIS for Salmonella in meat and poultry 
products.  Salmonella was chosen because: 1) it is one of the most common bacterial food 
borne pathogens, 2) it is commonly present in many species of mammals and birds 
including all species used for food consumption, 3) there are methods available for 
recovering Salmonella in meat and poultry, and 4) intervention strategies aimed at 
reducing contamination of raw meat with feces and other sources of Salmonella will 
likely reduce other food borne pathogens.  In 1998 the FSIS began sampling to verify that 
establishments are meeting performance standards.  Sample sets fail when the number of 
positive Salmonella samples exceeds the maximum allowed under the performance 
standards.  Repeated failure of Salmonella sample sets is an indication of poor sanitation 
or issues in the processing that could compromise the safety of the meat and poultry 
produced [49-51].  This testing for Salmonella by the FSIS has been the basis for many 
studies.  Sauli et al., 2003 created a semi-quantitative approach to evaluate safety 
assurance levels for Salmonella throughout the food chain [51].  Eblen et al., 2006 
evaluated the effectiveness of establishments to control Salmonella.  Information 
collected from the establishment on how effective they are controlling Salmonella can 
help to determine how to direct resources, develop testing programs, and protect public 
health.  Results from this study indicated that small establishments were more likely to 
have failures and that the most failures were in broiler chicken.  This could be partly due 
to larger establishments’ ability to implement expensive pathogen reduction strategies 
and specific personnel assigned to ensure PR-HACCP compliance.  Other reasons could 
be variation of processing in the evisceration techniques, space between clean and 
unclean areas, and multiple cuts on the same carcass by the same individual worker [49, 
15 
 
50].  Rose et al., 2002 has shown that after these HACCP plans have been enforced there 
was a reduction of Salmonella from 1998 to 2000.  In addition to the PR-HACCP, quality 
assurance programs (QAPs) have been established by many companies [52].  Jeffrey et 
al., 2001 showed that the introduction of PR-HACCPs and QAPs have reduced the 
prevalence of Campylobacter on selected farms as well [53]. 
1.7 Control of Salmonella and Campylobacter on Poultry 
1.7.1 Irradiation 
Irradiation has proven to be effective in eliminating bacteria from the surface of meat and 
poultry.  United States food manufacturers are currently permitted to irradiate raw meat 
and poultry using gamma rays, X-rays, or electron beams.  The maximum dose permitted 
it 3kGy and is sufficient to inactivate at least 99.9% of common food borne pathogens 
such as Salmonella [17].  
UV irradiation destroys bacteria by degrading the cell wall.  Sumner et al., 1995 
demonstrated that UV irradiation is effective at reducing Salmonella on poultry carcasses 
up to 7 logs [54].  Kim et al., 2002 obtained a 7 log and 5 log reduction log reduction of 
Salmonella in water and stainless steel surfaces respectively [55].   UV irradiation is 
believed to kill cells by causing mutations in DNA by cross-linkage of pyrimidines and 
cell death occurs when the threshold level of cross-linkages is exceeded [56].  Pulse 
power energization technique of UV exposure showed over a 5 log reduction of 
Salmonella on the surface of an agar plate [57]. 
One limitation of irradiation is that exposure is more effective on smooth surfaces 
with direct beam contact [55, 58].  Chicken skin is lined irregularly with feather follicles 
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where bacteria may enter and avoid UV exposure [55].  Another limitation is that UV 
irradiation does not fully eliminate all cells but only injures them, where they could 
eventually recuperate once again becoming viable, and posing a threat.  Sarjeant et al., 
2004 showed that 3 kGy of UV irradiation showed no growth with direct plating of 
Salmonella.  This implied a 4-5log10 reduction however; enrichment showed there was 
still Salmonella present [59]. 
Commercial application of radiation can also be limited by the oxidation of fatty 
acids and some amino acids that creates an off flavor.  At 2.5 kGy, a slight irradiation 
flavor is detectable and it is known the higher levels of radiation are required to eliminate 
bacteria.  To combat this Mahrour et al., 2003 combined a marinating step with 
irradiation and found that the marinade not only eliminated the off-flavoring but also 
helped reduce bacteria [60].  Additionally Van Calenberg et al., 1999 tested the effects of 
radiation on nutrient content of meat.  They tested for thiamin content because it is the 
most irradiation sensitive water-soluble vitamin.  They found no effects of UV irradiation 
on thiamin content of chicken [61]. 
A major limitation of irradiation is that it is not readily embraced by consumers 
due to potential health risks [58].  Consumers can reduce the risk of food borne illness by 
purchasing irradiated meat but many are concerned about potential health risks associated 
with consuming meat that may be radioactive and potentially causing cancer and birth 
defects.  Due to this concern many stores or hesitant to offer irradiated meat due to 
uncertainty of consumer interest [17, 58]. 
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1.7.2 Chemical Interventions 
Immersion chilling is a preferred method for chilling the broiler carcass in the 
United States.  Producers find this method beneficial because of relatively efficient heat 
transfer, it does not affect the appearance of the product, and it is has been shown to 
reduce bacterial numbers about 2-3 log10 [62].  The problems with this method are that it 
requires a large volume of water that is costly to clean before discharging as well as the 
possibility of cross-contamination from dirty carcasses contaminating clean carcasses.  
Results have also shown that chilling alone is not sufficient to reduce pathogens when 
introduced in high numbers [62].   
Berrang et al., 2007 found differences in poultry processing plants’ abilities to 
reduce Campylobacter on chicken at rehang and postchill on the processing line.  They 
found that the highest reduction of Campylobacter from rehang to post chill was attained 
with trisodium phosphate at 2.97 log10.  They also found that process modifications using 
chlorine, especially in the chill tank are effective in reducing Campylobacter.  
Additionally one of the plants with the largest reductions was using a postchill 
antibacterial treatment [63].   
1.7.2.1 Chlorine 
Traditionally chlorine, in the form of sodium hypochlorite and calcium 
hypochlorite, has been added to water used for washing carcasses because of its 
availability, efficiency and low cost [28, 64, 65].  Blaser et al., 1986 showed that current 
methods of treating water using chlorine are adequate for the elimination of Salmonella 
and Campylobacter [66].  The problem with chlorine is that it is only effective as a 
disinfectant when it is its free form.  When a carcass is rinsed with water with chlorine, 
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the chlorine binds to organic matter such as blood, tissue fragments, feces, etc.  Due to 
the heavy organic load much if not all of the reactive chlorine is used up and no longer an 
effective disinfectant [9, 28, 65].  To overcome this obstacle more chlorine would need to 
be added to the water but USDA regulations only allow poultry processing plants to use a 
concentration of 50ppm which is far exceeded by the organic load present [9, 65, 67].  
1.7.2.2 Monochloramine 
Due to the inadequacies of chlorine products many researchers have studied 
chemicals that can be used in conjunction with chlorine or replace chlorine entirely.  
Russell et al., 2005 found monochloramine (MON) was an excellent alternative to 
sodium hypochlorite.  MON is created by controlled mixing of chlorine and ammonia in 
water.  MON is tasteless, odorless, stable, highly soluble, persistent in water, biocidal, 
and does not react with organic matter like chlorine does [65]. 
1.7.2.3 Trisodium Phosphate and Tripotassium Phosphate 
Another option is the use of Trisodium phosphate (TSP) or Tripotassium 
phosphate (TPP).  The modes of action of TSP and TPP include exposure of 
microorganisms to high pH, effecting cell membrane components, sequestration of metal 
ions, and their role as surfactants, enhancing detachment of bacteria from food surfaces 
by removing a thin layer of lipid from the chicken skin surface [68, 69].  TSP is approved 
for use by the USDA at levels of 8-12% and has been shown to reduce Salmonella and 
Campylobacter [40, 68, 69].    It has been shown that 5% TSP resulted in a 2.1 log10 
reduction while 10% TSP resulted in a 2.2 log10 reduction [69].  TPP has been shown to 
significantly reduce the number of Salmonella and Campylobacter on the surface of 
chicken especially when mixed with lauric or myristic acid [64].  The problem with these 
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compounds is that with such a high pH there is a good chance of altered food properties, 
wear of industrial equipment, and environmental damage [68, 69].  To replace the need 
for high concentrations of TSP, Carniero et al., 1998 used lower concentrations of TSP 
and followed with treatment with lysozyme or nicin finding it effective in reducing 
pathogens [68].   
1.7.2.4 Cetylpyridinium chloride 
Cetylpyridinium chloride (CPC) is a quaternary ammonium compound.  It kills 
bacteria by cetylpyridinium ions interacting with acid groups of the bacteria and 
inhibiting cell metabolism. It has been demonstrated to kill .9-1.7 log10 of Salmonella 
without affecting the quality of the food [70].  Another study showed CPC to reduce 
Salmonella 1.5 – 1.9 log10 for .1 to .5% respectively [69]. 
1.7.2.5 Fatty Acids 
Fatty acids are another antimicrobial compound studied that possess little or no 
toxicity to humans.  Fatty acids and esters have already been used as preservatives in 
some foods.  Fatty acids can inhibit the growth of bacterial pathogens by their ability to 
disrupt the membrane of the bacterial cell and cause lysis, inhibit nutrient uptake, or to 
form peroxide or other free radicals to inhibit bacterial growth [71]. 
1.7.2.6 Other compounds 
Other potential compounds studied include phenolic compounds found in plants 
but these  may not be applicable because they may alter the quality of the meat [72].  2-
nitro-1-propanol (2NPOH) has been effective at inhibiting methane production in vitro 
and reduced Salmonella by up to 2 log10 [73].  The product Safe2O contains lactic acid, 
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ethanol, sodium dodecyl sulfate, and polypropylene glycol and was shown to decrease 
Campylobacter and Salmonella below the detectable limit of 1.7 log10  [74]. Grapefruit 
seed extract (DF-100) showed a 1.6 and 1.8 log10 reduction of Salmonella for 0.1% and 
0.5% respectively [69].  It has been shown that 1-2% lactic acid results in a 2.2 log10 
reduction but the low pH may cause serious environmental pollution as well as affect the 
quality of the meat [69, 75].  Acidic electrolyzed Oxidizing water was found effective at 
reducing salmonella in culture up to 8 log10 [69, 75].  Acidified sodium chlorite is another 
antimicrobial agent approved by the USDA and has been shown to reduce Salmonella 
and Campylobacter [18].  
Many compounds are not as effective on pathogens that are attached to the skin.  
Salmonella selectively binds to reticulin, a type of collagen fiber found on the skins 
surface.  Nayak et al., 2001 demonstrated that increase concentrations of ZnCl decreased 
Salmonella attached on the skin and further inhibited the new attachment of Salmonella.  
Zinc chloride may interfere with Salmonella attachment by competing with specific 
receptor sites on the skin surface and would change the conformation of surface proteins 
so that the receptors would no longer be exposed for salmonella attachment [67]. 
There are a wide range of chemicals that have been shown to reduce pathogens 
from the surface of poultry.  Although these chemicals may differ in their components 
and modes of action none of these chemicals have been able to completely eliminate all 
of the pathogens from the surface of the poultry. 
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1.7.3 Competitive exclusion (CE) 
It is known that much of the contamination in a processing plant is from the 
intestinal content of chickens being brought in for slaughter [76].  One approach which 
has been examined is the use of competitive exclusion cultures on newly hatched chicks 
to reduce the amount of pathogens in the gut before the chicken is slaughtered and 
consequently reducing the risk and level of contamination during processing [43].  It is 
has been shown that competitive exclusion cultures are only effective if administered 
before Salmonella colonizes in the digestive tract so it is important to administer the 
cultures as soon as possible [77].  Competitive exclusion cultures may work through a 
number of mechanisms including: competition for receptor sites within the gut, 
production of inhibitory metabolites, production of volatile fatty acids within gut, 
competition for scarce intestinal nutrients [43].   
Salmonella preferentially colonizes in the ceca of chicken but can be found in 
other organs [43, 76].  Bacteria protective against Salmonella colonization of young 
chickens have been obtained from the crops, intestines, ceca, and feces of adult chickens 
[19, 78, 79].  Stern et al., 2001 described a process of making a CE product by scraping 
the mucosa of adult pathogen free chicken [77].   
Bailey et al., 2000 showed that the mucosal starter culture (MSC) was effective in 
reducing Salmonella in chickens [77].  Hume et al., 1997 also saw a reduction in 
Salmonella cecal colonization using the PREEMPT competitive exclusion culture and it 
was effective due to competition for attachment sites and growth-limiting nutrients as 
well as an increased concentration of propionic acid [78].  Promsopone et al., 1998 
demonstrated that Avian Pac Plus significantly reduced avian colonization in market-
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aged broilers [76].  Zhang et al., 2007 suggests using a combination of CE cultures rather 
than a single strain to provide a more consistent reduction of salmonella colonization 
because of differences in sensitivity to different CE bacteria by different salmonella 
strains.  However producing a CE culture with too many single isolate strains is difficult 
and impractical so they suggested a culture of 1-4 strains [43].    
Another probiotic approach is to add Lactic acid bacteria to the packaging of 
foods.  Lactic acid bacteria have already been used to preserve foods and control 
undesirable microorganisms without altering the desirable characteristics of the foods.  
Lactic acid bacteria can exert antagonist action against growth of spoilage organisms and 
foodborne pathogens such as peroxide at refrigerated temperatures [80]. 
Interventions to both help reduce the level and control the spread of Salmonella 
and Campylobacter include UV radiation, numerous chemicals, and even competitive 
exclusion culture fed to the chickens.   Despite all of the types of interventions which 
have been investigated and which have been summarized here Campylobacter and 
Salmonella remain problems for the food industry and continue to make a large number 
of people sick each year.   
1.8 Detection and Enumeration of Campylobacter and Salmonella 
Traditional methods for detection and enumeration of Salmonella and 
Campylobacter have many disadvantages leading to the development of alternative, more 
rapid immunological and molecular techniques for their identification and enumeration 
[81-83].  The most utilized method for detection and enumeration of pathogens is direct 
plating.  Direct plating is ineffective when the organism of interest is in low numbers or 
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there is a high degree of background microflora in the sample.  In situations with low 
numbers of the organism and/or high amounts of background microflora are present and 
enrichment procedure is performed to eliminate other bacteria and select for the organism 
of interest. 
The traditional enrichment method requires cultivation, which is a slow process 
(3-7 days) limits the detection of the organisms that can grow under specific conditions 
[27, 82, 84].  These methods require preenrichment, selective broth enrichment, selective 
and differential plating, biochemical characterization of presumptive cells, and for 
Salmonella, serotyping [85].  These steps are usually necessary, especially in the case of 
poultry because of the high background of endogenous microflora [86].  Some of these 
steps lead to results that are subjective which could lead to misidentification and 
inconsistency between researchers [87].  Traditional presence/absence methods for 
enumeration of Salmonella and Campylobacter use the most probable number (MPN) 
method which is also very time consuming and laborious.  MPN methods require the use 
of a large number of test tubes and serial dilutions and give a statistical estimation of cell 
counts [88, 89].  MPN methods have many drawbacks including the inability to detect 
non-culturable cells, selectivity of culture media, inability to observe colony morphology, 
and lack of precision [89].   
Newer methods based on Enzyme-linked immunosorbant assays (ELISA), lateral 
flow immunoprecipitation (LFI), nucleic acid probes, and Polymerase Chain Reaction 
(PCR) have been studied to reduce the time and effort involved in detection and 
enumeration. Although these techniques still require an enrichment step, they greatly 
reduce the time and labor needed to identify and quantify as compared to conventional 
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methods.  These rapid methods are generally used to screen large numbers of samples 
and eliminate those that are negative.  This allows for more resources and attention to go 
to presumptive positive samples.  The performance of these methods is related to food 
type due to background microflora and compounds that may interfere with chemical 
reactions [90, 91].  Many PCR and real-time PCR based methods have been developed 
for Salmonella and Campylobacter all with different specificities, accuracies, and 
detection limits [33].  PCR has the potential to fulfill the criteria for optimal detection of 
foodborne pathogens such as accuracy, high detection probability, and high robustness 
[92].  One problem with traditional PCR is that it is limiting in the number of samples 
due to the necessity of using gel electrophoresis and interpretation of the gel can be 
subjective [83, 87].  PCR also requires the use of ethidium bromide which is a mutagen 
and cannot be used in a food processing lab [83].  Many of these alternative methods also 
have a low sensitivity and still require enrichment [83].  Another problem with DNA-
based methods is that they may detect dead or injured cells [89]. 
1.8.1 Salmonella 
MPN is still the preferred method of enumeration of Salmonella because it is still 
believed that MPN is effective in detecting levels of organisms that are below detection 
limits of these alternative methods [89].   Molecular methods have also been developed to 
successfully and more rapidly identify Salmonella.  Seo et al., 2006 proposed the use of a 
real-time PCR assay for the identification and enumeration of Salmonella with a 
detection limit of 103 log10 CFU/mL (Table 1.1).  This method can shorten the 
enumeration process up to 5 days.  Guy 2006 described a rapid PCR-based assay that 
involves vacuum filtration of sponge swabs followed by real-time PCR.  They also added 
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ethidium monoazide (EMA) prior to DNA extraction to eliminate the amplification of 
dead cell DNA to allow for only the representation of viable cells.  They hypothesize that 
with the appropriate equipment this process can take less than 2 hours [82].  Line and 
Tsen, 1999 described a PCR protocol for the specific detection of Salmonella 
Typhimurium and found the detection limit of the assay in milk to be 102 and 105 
CFU/mL for pasteurized and raw milk respectively [85].  Kimura et al., 1999 compared 
the sensitivity and specificity of the rapid Taqman PCR assay to conventional culture 
methods for detecting Salmonella.  They found this method reliable for rapid screening of 
food samples that had a detection limit of 120 CFU/mL with a process that took 8-16h 
preenrichment, 1-2h DNA extraction, 2h of PCR, and 20 minutes of reading fluorescence.  
This process also has the ability analyze 96 samples at a time [83].  Bohaychuk et al., 
2005 compared ELISA, LFI, and PCR and found PCR to have 100% sensitivity, 
specificity, and agreement with positive samples which was statistically greater than 
ELISA or LFI which had agreements of 90.6% and 84.4% respectively [90].  The BAX™ 
system a commercial PCR based system is able to detect 104 CFU/ mL of Salmonella 
[91].   
An alternative to PCR is the use of antibodies for identification.  Wang and Slavik 
1999 compared flow cytometry and immunomagnetic beads with direct plating for 
Salmonella and found that greater sensitivity was achieved and reduced preenrichment 
times were required when using the beads.  This immunomagnetic system (IMS) aids in 
the selection of target bacteria.  The immunomagnetic beads reduced the detection limit 
from 2.34 x 104 to 1.4 x 104 CFU/ mL on agar plates.  Flow cytometry had a detection 
limit of 1 x 103 CFU/ mL and 0.2 CFU/mL without and with the beads respectively.  This 
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can all be completed in one day [93].  Similarly Che et al., 2000 had a detection limit of 5 
x 103 CFU/mL using the combination of IMS and ELISA [91].  Valdivieso-Garcia et al., 
2001 developed a double monoclonal antibody sandwhich enzyme-linked 
immunosorbent-assay (ELISA) for Salmonella spp.  This method showed to be highly 
specific and sensitive for the rapid detection of Salmonella in food samples.  This method 
has a detection limit of approximately 103 to 104 CFU/mL and only required 3.5h after 
overnight pre-enrichment [94].   
1.8.2 Campylobacter 
Line, 2001 compared common MPN procedures for Campylobacter with direct 
plating and found that direct plating on Campy-Cefex Agar, in addition to being less 
laborious and time consuming, was an effective alternative [86].  Direct plating is an 
effective method of enumerating Campylobacter although it cannot recover sub-lethally 
injured cells.  Additionally, antibiotics need to be added into the media due to much 
higher volumes of other bacteria that grow more rapidly and favorably.  
Triphenyltetrazolium chloride (TTC) is also added to Campylobacter medium due to the 
red color that results when Campylobacter breaks it down.  The combination of 
antibiotics and TTC make it easier to visually identify and enumerate Campylobacter on 
the surface of agar plates [36].  Oyarzabal et al., 2005 evaluated common agar plates used 
for the differentiation and enumeration of Campylobacter and found Campy-Cefex and 
modified Campt-Cefex to be the most effective at recovering Campylobacter (Table 1.2) 
[95].  Campy-Line (Line 2001) showed the lowest counts due to the large number of 
antimicrobial substances and CAMPY agar showed the most contamination [36].  
Falahee et al., 2003 tested Indirect Impedimetry, an automated electrical technique that 
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involves monitoring the changes in electrical properties of the medium.  This test is 
ineffective for enumeration of Campylobacter because these bacteria are not ideally 
suited for this detection do to their low metabolic activity.  However, they also tested an 
alternative method that monitors the amount of carbon dioxide produced by the 
organisms.  They found that all the strains of Campylobacter tested were detected at 5 
log10 CFU/mL or higher by this second method and by adding an oxygen scavenger 
Oxyrase they were able to increase the sensitivity [81].     
Other much more rapid methods such as electrochemical sensor, piezoelectric 
crystal sensor, and interferometer sensor have been evaluated but provide lower 
sensitivity (104 to 106) CFU/ mL [91].  Sails et al., 2003 described a real-time PCR assay 
for Campylobacter that has a detection of 1.2x101 to 1.2 x 107 genome equivalents [27].  
Bolton, 2002 combined a PCR assay with an ELISA method to facilitate specific and 
sensitive detection of PCR amplified products of Campylobacter.  This process increases 
the number of samples that can be tested and can be automated.  They demonstrated that 
this method could detect a low number of cells in about 7h and only required about 1 
hour of “hands on” time [87].  Wang et al., 2000 evaluated several commercially 
available anti-Campylobacter antibodies for the application of hydrophobic grid 
membrane filter Enzyme immunoassays (HGMFs-EIA).  They found this method 
successful in identifying and enumerating Campylobacter from milk and chicken rinses 
[96]. 
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Table 1.1: Methods for detection and enumeration of Salmonella spp.  Methods for 
detection Salmonella spp. with detection limit of these methods as described in the 
literature. 
Method Detection Limit 
MPN N/A 
Direct Plating 2.34 x 104 
PCR 103 CFU/mL 
Flow Cytometry 1 x 103 CFU/mL 
IMS & Direct Plating 1.4 x 104 CFU/mL 
IMS & Flow Cytometry .23 CFU/ml 
IMS & ELISA 5 x 103 CFU/mL 
Double monoclonal antibody sandwich 
ELISA 
103 CFU/mL 
Electrochemical sensor, Piezoelectric crystal 
sensor, and interferometer sensor 
104 – 106 CFU/mL 
Che et al., 2000; Sails et al., 2003; Seo et al., 2006; Wang and Slavik 1999  
 
 
The most commonly accepted methods for isolation/identification/quantification 
of all foodborne pathogens including Salmonella and Campylobacter are the USDA’s 
Microbiological Laboratory Guidebook (MLG) and the FDA’s Bacteriological Analytical 
Manual.  These methods have been validated by their respective agency and are used by 
food inspectors and quality assurance personnel in the food industry.  These methods 
mostly consist of enrichment procedures and MPN but have started to embrace and 
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develop molecular approaches as alternative methods [97].   For this study we chose to 
use the direct plating method because our experimental organisms have resistance to 
antibiotics which impedes the growth of most if not all background microflora.  In 
situations where our sample was below the detection limit of direct plating we used the 
appropriate enrichment procedure.  The enrichment procedures we used were modified 
slightly due to our small sample size. 
 
 
Table 1.2: Methods for the detection and enumeration of Campylobacter jejuni. 
Methods for detection of Campylobacter jejuni with detection limit of these methods as 
described in the literature.  
Method Detection Limit 
MPN N/A 
Direct Plating N/A 
PCR 1.2 x 101 genome equivalents 
Indirect Impedimetry 105 CFU/mL 
Falahee et al., 2003; Line 2001; Oyarzabal et al., 2005; Valdivesio-Garcia et al., 2001  
 
 
1.9 Plasma Technology 
Plasma is the most energetic state of matter also known as the “fourth state of matter” 
[98, 99].  As energy increases, matter transforms from a solid, to a liquid, to a gas and 
then to plasma [99].  When gas is heated and given enough energy the molecules in the 
gas dissociate to form a gas of atoms.  Further energy will cause these atoms to break up 
into electrons and positive ions creating plasma [98, 99].  Gas is normally an electrical 
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insulator however; when plasma is formed it becomes an electrical conductor due to the 
presence of the free electrons and positive ions [100]. 
Researchers have been working on many applications of plasma technology 
including sterilization.  Many common sterilization techniques such as chemicals, 
irradiation, and autoclaving have disadvantages.  Heat sterilization such as autoclaving is 
time consuming and cannot be used on heat sensitive materials, chemicals can be toxic, 
and irradiation may cause undesirable changes as well as having many safety concerns to 
the operator [101].     
Atmospheric-pressure non-thermal plasma is a type of plasma recently being 
studied for use as a sterilization method.  It has been studied in medicine to selectively 
inactivate unhealthy cells, aid in blood coagulation, and kill parasites, bacteria, fungi, and 
viruses off of living tissue [102].  This low-temp, low-pressure plasma that poses less 
hazard and is more time and cost effective.   The free electrons and positive ions 
eliminate microorganisms by direct contact.  It has been shown effective in killing 
microorganisms without destruction of living tissue or damage to heat sensitive material 
[101, 103].      
Critzer et al., 2007, used atmospheric glow discharge plasma which places the 
samples outside of the unit; the unit concentrates the reactive species such as ozone and 
then applies them onto the surface of the product using air flow.  They found that after 
adding E. coli at a level of 1 x 107 on apples was reduced >1 log10 after 30 seconds and 
>2 log10 after 2 minutes.  Salmonella at the same level was inoculated onto cantaloupe 
and showed >2 log10 reduction after 1 minute, and >3 log10 reduction after 3 minutes.  
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Listeria at the same level on lettuce showed the most susceptibility with >1 log10 
reduction after 1 minute and >5 log10 reduction after 5 minutes [104].  Niemira and Sites, 
2008 applied gliding arc discharge plasma to apples inoculated with 1 x 108 E. coli and 
Salmonella and achieved a maximum reduction of 3.6 and 3.7 log10 respectively after 3 
minutes [105]. Gliding arc discharge plasma also uses airflow to deliver the reactive 
species created by the plasma to the surface of the apple.  This type of plasma works by 
having the electrode and the sample in an enclosed container and applying filtered air 
through the electrode.  The flow rate of the air can be adjusted and they found that 
increased flow rate showed an increased reduction.  These studies indicate the potential 
usefulness of plasma to eliminate pathogens on minimally processed foods such as 
produce.   
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2.1 Abstract 
Salmonella and Campylobacter remain the leading causes of foodborne illness.  
Chicken is known to be commonly contaminated with both of these organisms and 
current interventions are not effective in completely eliminating these pathogens on raw 
poultry.  Dielectric barrier discharge (DBD) nonthermal atmospheric pressure plasma is a 
technology that ionizes particles from the air and applies these charged particles to a 
surface.  This technology has the potential to be a useful tool for the reduction of 
pathogens on the surface of raw meat.  The research presented here investigated the 
effectiveness of DBD plasma on Salmonella enterica and Campylobacter jejuni 
inoculated onto the surface of boneless skinless chicken breast and chicken thigh with 
skin.  Chicken samples were inoculated with pathogens at levels of 1 x 101 to 1 x 104 
total CFU and exposed to plasma for a range of time points (0-180 seconds in 15 second 
intervals).  Additionally, uninnocculated chicken was exposed to plasma to determine if 
there was a reduction of background microflora.  Treatment in plasma resulted in a 
significant reduction of Salmonella and Campylobacter at all innoculum levels for both 
chicken breast and chicken skin following 15 seconds of exposure.  Plasma slightly 
reduced background microflora on chicken breast (up to 10.9% after 30 seconds).  DBD 
plasma was more effective on chicken breast than chicken skin.  This research 
demonstrates the feasibility of Dielectric barrier discharge plasma as a non-thermal 
intervention to help reduce foodborne pathogens on the surface of raw poultry. 
 
Keywords: Salmonella, Campylobacter, non-thermal plasma, raw poultry, plasma 
sterilization, Dielectric Barrier Discharge 
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2.2 Introduction  
Campylobacter and Salmonella are the two leading causes of food-borne illness 
and there continues to be a need to control the transmittance of these two pathogens.  The 
CDC’s FoodNet estimates the occurrence of Salmonella and Campylobacter at 16.2 and 
12.7 per 100,000 population respectively [6]. Poultry is known to be contaminated with 
both of these organisms. The rate of Campylobacter on chicken has been reported at 70.7 
to 91% [106, 107] and 88-89% for Salmonella [108, 109].   
 Even if pathogens are present on raw food most microbes are killed by heat if the 
internal temperature of food is raised above 160°F or 78°C.  This means that if 
consumers handle and cook their food correctly foodborne illness should not be a 
problem.  Lack of proper knowledge/education of consumers in safe food handling 
practices leads to mistakes in kitchens involving potentially harmful pathogens.  It is has 
been reported that about 25% of people do not wash surfaces after cutting raw meat or 
poultry [12].  Not washing surfaces after cutting raw poultry can lead to cross-
contamination and increase the risk of foodborne illness.  Due to consumer mishandling 
the presence of any pathogens on the meat poses a risk of illness in the home.   
Elimination of these pathogens from raw poultry products remains a significant 
challenge.  Methods have been developed to reduce the population of pathogens 
throughout the production process but these methods may fail to eliminate all of the 
pathogens on the meat or cross-contamination can add pathogens back on.  Additional 
disinfection methods throughout the production and processing are needed to reduce or 
eliminate pathogens present on carcasses reducing the risk of foodborne illness [54].  
Atmospheric-pressure non-thermal plasma has been shown to completely sterilize 105 
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CFU/mL of E. coli in over 120 seconds on filter paper [103] and >3log10 of Salmonella 
on produce [104].   Non-thermal plasma also is safe for heat sensitive material and tissue 
such as that of raw chicken.  
In this study we evaluated the effectiveness of DBD plasma to reduce and 
eliminate Salmonella and Campylobacter from boneless, skinless chicken breast and 
chicken skin.  By assessing the reduction of the pathogens on the surface of the meat as 
well as the effects plasma exposure has on the meat we can better direct the development 
of plasma for use as a non-thermal pasteurization technique for food.  Reducing the 
pathogen load on the surface of foods can have a major impact on the incidence of 
foodborne illness by reducing cross-contamination, making food much safer for 
consumers.  In this research we proposed to test the application of plasma technology on 
raw chicken to determine if it has the ability to lower the concentration of pathogens on 
the chicken surface.   
2.3 Materials and Methods 
2.3.1 Bacterial strains and culture conditions: 
Frozen stocks of Salmonella enterica ATCC # 19214 (American Type Culture 
Collection Manassas, VA, USA) were cultured in tryptic soy broth (TSB) (BD, Sparks, 
MD, USA)with 20µg/mL each of tetracycline, streptomycin, and chloramphenicol and 
incubated for 24h at 37°C prior to each plasma experiment.  Salmonella enterica 
ATCC#13076 was used as a control strain and was cultured in tryptic soy broth without 
antibiotics and incubated 24h at 37°C.  Frozen stocks of Campylobacter jejuni RM 2002, 
generously provided by William G. Miller from the USDA [110], were cultured by 
plating onto Meuller Hinton Agar (MHA) (BD) containing 200µg/mL kanamycin and 
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incubated 48h at 37°C under microaerophilic conditions (5% O2, 10% CO2, 85% N2).  
Campylobacter jejuni   ATCC # 700819 and Campylobacter jejuni RM 1849 also 
provided by William G. Miller [110], were used as control strains and were cultured by 
plating onto MHA without antibiotics and incubated 48h at 37°C under microaerophilic 
conditions.   
2.3.2 Dielectric Barrier Discharge plasma: 
In this study we used an atmospheric pressure DBD unit utilized at room 
tempreature.  The unit was supplied by the Drexel University Plasma Institute.  The probe 
was approximately 2 inches in diameter with a 1 inch surface where the plasma was 
discharged.   The Probe was connected to a high voltage power supply which supplied 
voltage at a microsecond pulse to discharge plasma.  The plasma was applied manually to 
the surface by placing the probe above the surface at a distance that allows the plasma to 
discharge (Figure 2.1).   
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Figure 2.1: Schematic for application of DBD plasma to a surface.  Figure 
provided by Danil Dobrynin at Drexel Plasma Institute. 
 
 
2.3.3 Preparation of cultures for exposure to plasma: 
Salmonella enterica cultures were adjusted to obtain approximately 1 x 108 total 
CFU using a standard curve of absorbance at 600nm with a spectrophotometer (See 
Supplementary Figures A.1 and A.2).  The adjusted culture was then centrifuged 12 min 
at 8000 x g and resuspended in phosphate buffer (pH 7.2).  The culture was serial diluted 
in phosphate buffer, plated onto Antibiotic Medium 1 plates (BD) to confirm counts, and 
applied to the chicken.  Campylobacter jejuni cultures were harvested from the MHA 
plates with a swab moistened in Meuller Hinton broth (MHB) (BD) and resuspended in 
MHB.  The cultures were then adjusted to obtain approximately 1 x 108 total CFU using a 
standard curve of absorbance at 600nm with a spectrophotometer (See Supplementary 
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Figures A.3, A.4, and A.5).  The culture was then serial diluted in MHB, plated onto 
MHA to confirm counts, and applied to the chicken. 
2.3.4 Application of plasma to bacteria on agar media 
The center of agar plates were inoculated with 10µL of innoculum and spread 
lightly over a 1 inch surface which was the size of the area exposed to plasma.  The plates 
were left to dry for 20 min then exposed to plasma for the appropriate amount of time.  
Inncolum levels of 1 x 101, 102, 103, 104, 105, and 106 total CFU were used (Table 2.1).  
Each innoculum level was exposed in duplicate to plasma for 0, 5, 10, 15, and 20 
seconds.  Salmonella strains were plated onto Antibiotic Medium 1 agar plates and 
Campylobacter strains were plated onto MHA plates.  The antibiotic resistant strains 
were plated onto both media with appropriate antibiotics and media without antibiotics to 
determine if the presence of antibiotics had an influence in survival and recovery.  
Salmonella plates were incubated 48h at 37°C and Campylobacter plates were incubated 
48h at 37°C under microaerophilic conditions.  Following incubation the presence or 
absence of bacterial growth was recorded.  These experiments were repeated for a total of 
three trials each. 
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Table 2.1: Parameters for application of plasma to Salmonella enterica and 
Campylobacter jejuni on agar plates.  Plasma was applied at the intervals listed in the 
table to the multiple innoculum levels of the organisms Salmonella enterica 
Campylobacter jejuni on agar plates. 
Media Organism Innoculum level 
Plasma Exposure 
time (seconds) 
Antibiotic 
Medium 1 agar 
Salmonella 
enterica 
1 x 101 – 1 x 106 0, 5, 10, 15, 20 
 
Meuller Hinton 
Agar 
 
Campylobacter 
jejuni 
 
1 x 101 – 1 x 106 
 
0, 5, 10, 15, 20 
 
 
2.3.5 Application of plasma to the surface of raw chicken inoculated with Salmonella 
and Campylobacter 
 
Boneless skinless chicken breast and chicken thigh with skin were used for this 
study and were purchased in advance from a local supermarket, frozen at 20°C on the day 
of purchase, and thawed overnight at 4°C previous to the experiment.   The type of 
plasma used in this study is most effective on flat surfaces so care was taken in selecting 
areas of the chicken that were as flat as possible.  The surface of the chicken was scored 
into 2 inch squares using a sterile knife.   The squares were inoculated in the center with 
10µL of innoculum and spread lightly with the pipette tip over a 1 inch surface.  The 
inoculated chicken was then allowed to sit at room temperature for approximately 20 
minutes [11], followed by exposure to plasma.   The innoculum level of 101 total CFU 
was exposed to plasma for 0, 5, 10, 15, and 20 seconds and the innoculum levels of 102, 
103, and 104 total CFU were exposed for 0 - 180 secs at 15 sec intervals (Table 2.2).   
Each trial consisted of two squares of chicken per time exposure and 3 trials total per 
innoculum level were performed.  Following exposure to plasma each square was 
sampled by wiping the inoculated surface with a swab moistened in 1mL Phosphate 
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Buffer (for Salmonella) or MHB (for Campylobacter). The swab was then returned to the 
1 mL of buffer or MHB and mixed.  Salmonella enterica ATCC # 19214 samples were 
plated onto Antibiotic Medium 1 plates with antibiotics and incubated for 48h at 37°C.  
Campylobacter jejuni RM 2002 samples were plated onto MHA with Kanamycin and 
incubated for 72h at 37°C under microaerophilic conditions.  Total CFU was determined 
from the plate counts. 
2.3.6 Enrichment of Samples: 
For experiments with 101 total CFU the amount of pathogens placed onto the 
(surface ~10 total CFU) was close to the detection limit of our direct plating method (~4 
total CFU).  To ensure that when the sample resulted in no growth by direct plating, there 
was total elimination by plasma and not just reduction below out detection limit we 
employed an enrichment step.  Four squares were exposed to each time point.  Two 
squares were sampled and plated as described above and two squares were used for.  The 
enrichment steps needed to be modified due our low sample size (1mL).  For enrichment 
of Campylobacter a modified version of the FDA Bacteriological Analytical Manual 
(BAM) was used [111].  Ten milliliters of Bolton broth (EMD, Gibbstown, MD, USA) 
was aliquoted aseptically into sterile 16mm test tubes.  1mL of each sample suspension 
was added to a tube of Bolton Broth.  The tube was then incubated for 4 hours at 37˚C 
under microaerophilic conditions (10%CO2, 5%O2 and 85% N2).  Following this pre-
enrichment the incubation temperature was increased to 42˚C shaking for 23-24 hours.  
After incubation enrichments were diluted 1:100 and both diluted and undiluted samples 
were plated in duplicate onto Campylobacter Blood-free selective agar (CCDA) (Oxoid, 
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Basing Stok Hamshire, England).  The plates were incubated at 42˚C for 24-48h under 
microaerophilic conditions.   
For enrichment of Salmonella a modified version of the USDA FSIS 
Microbiological Laboratory Guidebook (MLG) was used [97].   The 1mL suspension 
obtained from the swab was incubated at 35˚C for 20-24h.  Following incubation 0.5mL 
was transferred into 10mL Tetrathionate broth (BD) and 0.1mL was transferred into 
10mL Rappaport-Vassiliadis R10 broth (BD).  The broth tubes were incubated at 42˚C 
for 18-24 hours and one loopful plated in duplicate onto Xylose lysine Tergitol 4 agar 
(XLT4) (BD) and Brilliant green sulfa agar (BGS) plates (BD).  The plates were 
incubated at 35˚C for 18-24 hours (Table 2.2).  
2.3.7 Effect of plasma on background microflora of chicken 
Boneless skinless chicken breast and chicken thigh with skin were scored into 2 
inch squares with a sterile knife.  Each piece of chicken contained 2 squares that were 
exposed to plasma and 2 squares that were not exposed to plasma and used as controls.  
Pieces were either exposed to plasma for either 15 or 30 seconds (Table 2.2).  After 
exposure the squares were sampled by wiping the surface with a swab moistened in 1mL 
Phosphate Buffer then the swab was returned back to the buffer and mixed.  Samples 
were plated by mixing 100µL of sample with 15mL of Plate count agar (BD) tempered at 
50°C and mixed gently.  After agar solidified the plates were incubated 30°C for 48 
hours.   To account for variation in background on different pieces of chicken the results 
were compared to controls from the same piece of chicken. 
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2.3.8 Statistical Analysis: 
Microsoft Excel 2007 was used for all statistical analysis.  T-tests were performed 
comparing the mean total CFU recovered from positive controls to the mean total CFU 
recovered from experimental samples.  A P-value less than or greater than .05 was 
considered statistically significant. 
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Table 2.2: Parameters for plasma application to Salmonella enterica, Campylobacter 
jejuni, and background microflora on chicken breast and skin.  Plasma was applied at 
the intervals listed in the table to the multiple innoculum levels of the organisms 
Salmonella enterica and Campylobacter jejuni on boneless skinless chicken breast, and 
chicken thigh covered in skin.  Additionally plasma was applied to un-innoculated 
chicken breast and skin for study of background microflora. 
Surface Organism Innoculum level 
Plasma Exposure 
time (seconds) 
Chicken Breast Salmonella 1 x 101 0, 5, 10, 15, 20 
Chicken Breast Salmonella 1 x 102 -1 x 104 
0, 15, 30, 45, 60, 
75, 90, 105, 120, 
135, 150, 165, 
180 
Chicken Skin Salmonella 1 x 101 0, 5, 10, 15, 20 
Chicken Skin Salmonella 1 x 102 -1 x 104 
0, 15, 30, 45, 60, 
75, 90, 105, 120, 
135, 150, 165, 
180 
Chicken Breast Campylobacter  1 x 101 0, 5, 10, 15, 20 
Chicken Breast Campylobacter  1 x 102 -1 x 104 
0, 15, 30, 45, 60, 
75, 90, 105, 120, 
135, 150, 165, 
180 
Chicken Skin Campylobacter  1 x 101 0, 5, 10, 15, 20 
Chicken Skin Campylobacter  1 x 102 -1 x 104 
0, 15, 30, 45, 60, 
75, 90, 105, 120, 
135, 150, 165, 
180 
Chicken Breast 
 
Background 
Microflora N/A 15, 30  
Chicken Skin 
Background 
Microflora N/A 15, 30 
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2.4 Results 
2.4.1 Application of plasma to bacteria on agar media: 
Both Salmonella strains showed a similar susceptibility to plasma.  There was no 
difference when comparing the antibiotic resistant strain on media with antibiotics and 
without antibiotics.  For both strains, at innoculum levels of 1 x 105 and 1 x 106 CFU 
there was no recovery on the plates after 10 sec of plasma application.  At innoculum 
levels of 1 x 104 CFU and lower there was no recovery on plates after 5 sec of plasma 
application (Table 2.3). 
  All three Campylobacter strains showed a similar susceptibility to plasma.  
There was no difference when comparing the antibiotic resistant strain on media with 
antibiotics and without antibiotics.  For all three strains of Campylobacter jejuni, at 1 x 
106 and 1 x 105 CFU innoculum levels there was no recovery on the plates after 10 sec of 
plasma application.  At 1 x 104 CFU and lower only there was no recovery after 5 sec of 
plasma application (Table 2.4). 
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Table 2.3: Presence (+) or absence (-) of growth after plasma application to 
Salmonella enterica on agar plates.  Salmonella enterica ATCC#19214 resistant to 
20µg/mL each of tetracycline, streptomycin, and chloramphenicol plated onto antibiotic 
medium 1 plates both containing appropriate antibiotics and without antibiotics.  
Salmonella enterica ATTC#13076 was used as a control strain for plasma application and 
plated onto antibiotic medium 2 plates without antibiotics. 
Innoculum 
Level 
Plasma Exposure 
Time (seconds) 
ATCC # 19214 
w/antibiotics 
ATCC # 
19214 w/o 
antibiotics 
ATTC # 
13076 
1 x 106 0 + + + 
1 x 106 5 + + + 
1 x 106 10 – 20 - - - 
1 x 105 0 + + + 
1 x 105 5 + + + 
1 x 105 10 -20 _ _ _ 
1 x 101 - 1 x 
104 0 + + + 
1 x 101 - 1 x 
104 5 – 20 - - - 
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Table 2.4: Presence (+) or absence (-) of growth after plasma application to 
Campylobacter jejuni on agar plates.  Campylobacter jejuni RM 2002 resistant to 
200µg/mL kanamycin plated onto meuller hinton agar plates containing both appropriate 
antibiotics and without antibiotics.  For controls plasma was also applied to 
Campylobacter jejuni RM 1849 (RM 2002 without resistance plasmid) and 
Campylobacter jejuni ATCC# 700819 plated onto meuller hinton agar without 
antibiotics. 
Innoculum 
Level 
Plasma 
Exposure Time 
(seconds) 
RM 2002 
w/antibiotics 
RM 2002 
w/o 
antibiotics 
RM 
1849 
ATCC # 
700819 
1 x 106 0 + + + + 
1 x 106 5 + + + + 
1 x 106 10 – 20 - - - - 
1 x 105 0 + + + + 
1 x 105 5 + + + + 
1 x 105 10 -20 _ _ _ _ 
1 x 101 - 1 
x 104 0 + + + + 
1 x 101 - 1 
x 104 5 – 20 - - - - 
 
 
2.4.2 Ability of plasma to reduce pathogens on chicken breast and skin 
Plasma exposure for 5 seconds inactivated Salmonella at an innoculum level of 1 log10 
total CFU on chicken breast with no recovery by direct plating or after enrichment (Table 
2.5).  There was an average of 3.33 cells remaining after 20 sec of plasma application on 
chicken skin with 1 sample unrecoverable by direct plating and after enrichment (Table 
2.6). 
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Plasma exposure for 5 seconds inactivated Campylobacter at an innoculum level of 1 
log10 total CFU on chicken breast with no recovery by direct plating or after enrichment 
(Table 2.7).  On chicken skin Campylobacter was inactivated after 10 sec of plasma 
application with no recovery on plating or enrichment (Table 2.8). 
 
 
Table 2.5: Recovery of 1 x 101 total CFU Salmonella enterica ATCC#19214 
innoculated on the surface of boneless skinless chicken breast.  Mean total CFU 
recovered after plasma application to boneless skinless chicken breast inoculated with 
Salmonella enterica ATCC# 19214 at a level of 1 x 101 total CFU.  Samples were plated 
onto antibiotic medium 1 plates containing 20µg/mL each of tetracycline, streptomycin, 
and chloramphenicol.  Additional samples were enriched to determine presence of 
Salmonella enterica at levels below detection limit. 
Plasma Exposure Time (seconds) Mean CFU Recovery 
by plating (Standard 
Error) 
Enrichment 
0 7.67 (.29) + 
5 0 - 
10 0 - 
15 0 - 
20 0 - 
(-) Control 0 - 
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Table 2.6: Recovery of 1 x 101 total CFU Salmonella enterica ATCC#19214 
innoculated on the surface of chicken thigh with skin.  Mean total CFU recovered 
after plasma application to chicken thigh with skin inoculated with Salmonella enterica 
ATCC# 19214 at a level of 1 x 101 total CFU.  Samples were plated onto antibiotic 
medium 1 plates containing 20µg/mL each of tetracycline, streptomycin, and 
chloramphenicol.  Additional samples were enriched to determine presence of Salmonella 
enterica at levels below detection limit. 
Plasma Exposure Time (seconds) Mean CFU Recovery by 
plating (Standard Error) 
Enrichment 
0 
8.00 (1.03)  
+ 
5 
7.33 (1.13)  
+ 
10 
4.22 (.80)  
+ 
15 
6.00 (1.32)  
+ 
20 
3.33 (1.49)  
¾ + 
(-) Control 0 - 
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Table 2.7: Recovery of 1 x 101 total CFU Campylobacter jejuni  RM 2002 innoculated 
on the surface of boneless skinless chicken breast.  Mean total CFU recovered after 
plasma application to boneless skinless chicken breast inoculated with Campylobacter 
jejuni RM 2002 at a level of 1 x 101 total CFU.  Samples were plated onto Meuller 
Hinton agar plates containing 200µg/mL kanamycin.  Additional samples were enriched 
to determine presence of Campylobacter jejuni at levels below detection limit. 
Plasma Exposure Time 
(seconds) 
Mean CFU 
Recovery by plating 
(Standard Error) 
Enrichment 
0 9.56 (.54) + 
5 0 - 
10 0 - 
15 0 - 
20 0 - 
(-) Control 0 - 
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Table 2.8: Recovery of 1 x 101 total CFU Campylobacter jejuni  RM 2002 innoculated 
on the surface of chicken thigh with skin.  Mean total CFU recovered after plasma 
application to chicken thigh covered in skin inoculated with Campylobacter jejuni RM 
2002 at a level of 1 x 101 total CFU.  Samples were plated onto Meuller Hinton agar 
plates containing 200µg/mL kanamycin.  Additional samples were enriched to determine 
presence of Campylobacter jejuni at levels below detection limit. 
Plasma Exposure Time 
(seconds) 
Mean CFU Recovery 
by plating (Standard 
Error) 
Enrichment 
0 8 (.34) + 
5 3.11 (.44) + 
10 0 - 
15 0 - 
20 0 - 
(-) Control 0 - 
 
Salmonella at an innoculum level of 2 log10 CFU on chicken breast exposed to 
plasma showed a 0.65 log10 reduction at 15 seconds, a 1.02 log10 reduction at 75 seconds, 
and a maximum reduction of 1.85 log10 at 165 seconds.  For the 1 x 103 CFU innoculum 
there was a 0.69 log10 reduction at 15 seconds, 1.38 log10 reduction at 45 seconds, and a 
maximum reduction of 2.61 log10 at 180 seconds.  For the 1 x 104 CFU innoculum there 
was a 0.91 log10 reduction at 15 seconds, a 1.26 log10 reduction at 30 seconds, a 2.06 log10 
reduction at 135 seconds, and a maximum reduction of 2.54 log10 at 165 seconds (Table 
2.9) (See also Supplementary Figures A.6, A.7, and A.8).   
Salmonella at an innoculum level of 2 log10 CFU on chicken skin exposed to 
plasma showed a 0.32 log10 reduction at 15 seconds, a 1.09 log10 reduction at 75 seconds, 
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and a maximum reduction of 1.25 log10 at 180 seconds.  For the 1 x 103 CFU innoculum 
there was a 0.31 log10 reduction at 15 seconds and a maximum reduction of 1.08 log10 
reduction at 180 seconds.  For the 1 x 104 CFU innoculum there was a 0.23 log10 
reduction at 15 seconds and a maximum reduction of 1.31 log10 at 105 seconds (Table 
2.10) (See also Supplementary Figures A.9, A.10, and A.11).   
Campylobacter at an innoculum level of 2 log10 CFU on chicken breast exposed to 
plasma showed a 0.43 log10 reduction at 15 seconds, a 1.01 log10 reduction at 60 seconds, 
and a maximum reduction of 1.65 log10 at 180 seconds.  For the 1 x 103 CFU innoculum 
there was a 0.64 log10 reduction at 15 seconds, a 1.11 log10 reduction at 60 seconds, a 
2.07 log10 reduction at 75 seconds, and a maximum reduction of 2.45 log10 at 180 
seconds.  For the 1 x 104 CFU innoculum there was a 1.17 log10 reduction at 15 seconds, 
a 2.07 log10 reduction at 45 seconds, and a maximum reduction of 2.45 log10 at 165 
seconds (Table 2.11) (See also Supplementary Figures A.12, A.13, and A.14).  
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Table 2.9: Reduction of 1 x 102 to 1 x 104 total CFU Salmonella enterica ATCC 19214  innoculated on 
the surface of boneless skinless chicken breast.  Log 10 and % reduction after plasma application to 
boneless skinless chicken breast inoculated with Salmonella enterica ATCC# 19214 at a level of 1 x 102, 1 
x 103, and 1 x 104 total CFU.  Samples were plated onto antibiotic medium 1 plates containing 20µg/mL 
each of tetracycline, streptomycin, and chloramphenicol.  
Plasma 
Exposure 
(Sec) 
Salmonella 102 Salmonella 103 Salmonella 104 
 Log10 (*) % Log10 (*) % Log10 (*) % 
15  0.65 (.27) 76.1 0.69 (.28) 77.2 0.91 (.37) 85.7 
30  0.75 (.30) 80.4 0.87 (.36) 86.3 1.26 (.52) 93.1 
45 0.87 (.35) 79.2 1.38 (.56) 92.9 1.32 (.54) 92.9 
60 0.91 (.37) 86.2 1.55 (.63) 95.1 1.53 (.62) 96 
75 1.02 (.42) 88.6 1.05 (.43) 91.0 1.36 (.56) 92.8 
90 1.46 (.60) 95.2 1.24 (.51) 94.3 1.15 (.47) 89.3 
105 0.98 (.40) 83.3 1.41 (.58) 96.1 1.74 (.71) 97.4 
120 1.58 (.65) 97.8 1.61 (.66) 97.5 1.40 (.57) 95.1 
135 1.56 (.64) 97.3 1.96 (.80) 97.2 2.06 (.84) 98.7 
150 1.35 (.55) 94.4 1.70 (.69) 92.6 1.74 (.71) 97.5 
165 1.85 (.75) 99.3 1.67 (.68) 94.7 2.54(1.04) 98.2 
180 1.84 (.75) 99.5 2.61 (1.07) 99.3 1.97 (.80) 98 
*Standard error of mean 
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Table 2.10: Reduction of 1 x 102 to 1 x 104 total CFU Salmonella enterica ATCC 19214  innoculated 
on the surface of chicken thigh with skin.  Log 10 and % reduction after plasma application to chicken 
thigh with skin inoculated with Salmonella enterica ATCC# 19214 at a level of 1 x 102, 1 x 103, and 1 x 
104 total CFU.  Samples were plated onto antibiotic medium 1 plates containing 20µg/mL each of 
tetracycline, streptomycin, and chloramphenicol.  
Plasma 
Exposure 
(Sec) 
Salmonella 102 Salmonella 103 Salmonella 104 
 Log10 (*) % Log10 (*) % Log10 (*) % 
15  0.32 (.95) 54.1 0.31(1.36) 53.9 0.23(1.96) 18.6 
30  0.40 (.94) 60.7 0.49(1.31) 55.4 0.34(1.93) 45.2 
45 0.95 (.82) 87.5 0.57(1.30) 71.4 0.64(1.85) 65.3 
60 0.81 (.84) 76.4 0.82(1.24) 83.1 0.55(1.87) 55.1 
75 1.09 (.79) 92.1 0.66 1.27) 66.5 0.61(1.85) 58 
90 0.71 (.86) 81 0.83(1.23) 84.8 0.71(1.83) 67.9 
105 0.82 (.84) 85.6 0.75(1.25) 79.5 1.31(1.69) 94.7 
120 0.91 (.82) 82.3 1.08(1.18) 78.2 0.90(1.78) 83.8 
135 0.81 (.84) 86.2 0.88(1.22) 83.1 0.96(1.77) 88 
150 0.83 (.84) 85.6 1.05(1.18) 86.2 1.10(1.74) 86.5 
165 0.88 (.83) 74.8 0.78(1.25) 82.9 0.62(1.85) 78.6 
180 1.25 (.77) 95.7 0.86(1.23) 83.2 0.95(1.77) 90.3 
*Standard error of mean 
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Table 2.11: Reduction of 1 x 102 to 1 x 104 total CFU Campylobacter jejuni RM 2002  innoculated on 
the surface of boneless skinless chicken breast.  Log 10 and % reduction after plasma application to 
boneless skinless chicken breast inoculated with Campylobacter jejuni Rm 2002 at a level of 1 x 102, 1 x 
103, and 1 x 104 total CFU.  Samples were plated onto Meuller Hinton agar plates containing 200µg/mL 
kanamycin.  
Plasma 
Exposure 
(Sec) 
Campylobacter 102 Campylobacter 103 Campylobacter 104 
 Log10 (*) % Log10 (*) % Log10 (*) % 
15  0.43 (1.00) 44.7 0.64(1.54) 67.7 1.17(1.98) 88.4 
30  0.32 (1.03) 38.1 0.82(1.49) 82.5 1.28(1.95) 89.2 
45 0.69 (.98) 77.8 0.97(1.46) 82.9 2.07(1.79) 95.9 
60 1.01 (.88) 80.3 1.11(1.42) 88.9 2.07(1.79) 96.8 
75 0.85 (.91) 75.5 2.07(1.26) 97.7 2.01(1.80) 95.3 
90 1.25 (.84) 92.9 1.99(1.27) 96.6 1.98(1.81) 92.1 
105 1.05 (.87) 85.9 1.45(1.36) 93 2.13(1.78) 96 
120 1.12 (.86) 78.3 1.96(1.28) 98.5 2.28(1.76) 98.8 
135 1.52 (.81) 96.5 2.32(1.24) 99.3 2.23(1.76) 98.2 
150 1.33 (.83) 93.9 2.17(1.25) 99.2 2.11(1.78) 98.1 
165 1.30 (.84) 94.7 2.22(1.25) 99.1 2.45(1.73) 98.8 
180 1.65 (.80) 98.2 2.45(1.23) 98.8 2.35(1.74) 97 
*Standard error of mean 
 
 
 
 
 
 
55 
 
Campylobacter at an innoculum level of 2 log10 CFU on chicken skin exposed to 
plasma showed a 0.34 log10 reduction at 15 seconds, a 1.18 log10 reduction at 75 seconds, 
and a maximum reduction of 1.42 log10 at 165 seconds.  For the 1 x 103 CFU innoculum 
there was a 0.64 log10 reduction at 15 seconds, a 1.81 log10 reduction at 30 seconds, and a 
maximum reduction of 1.87 log10 at 180 seconds.  For the 1 x 104 CFU innoculum there 
was a 0.80 log10 reduction at 15 seconds, a 1.39 log10 reduction at 30 seconds, a 2.45 
log10 reduction at 45 seconds, and a maximum reduction of 3.11 log10 at 165 seconds 
(Table 2.12) (See also Supplementary Figures A.15, A.16, and A.17).    
2.4.3 Application of plasma to background microflora on non-innoculated chicken 
Plasma reduced the background microflora on chicken breast 0.80, 0.84, and 0.88 
log10 for three trials at 15 seconds plasma exposure and a log10 reduction of 0.80, 0.83, 
and 0.91 for the three trials at 30 seconds plasma exposure.  On chicken skin plasma 
application resulted in a log10 reduction of -0.25, 0.48, and 0.74 at 15 seconds plasma 
exposure and a log10 reduction of -.04, 0.28, and 0.38 at 30 seconds plasma exposure 
(Table 2.13) (See also Supplementary Figures A.18 and A.19). 
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Table 2.12: Reduction of 1 x 102 to 1 x 104 total CFU Campylobacter jejuni RM 2002  innoculated on 
the surface of chicken thigh with skin.  Log 10 and % reduction after plasma application to chicken thigh 
with skin inoculated with Campylobacter jejuni Rm 2002 at a level of 1 x 102, 1 x 103, and 1 x 104 total 
CFU.  Samples were plated onto Meuller Hinton agar plates containing 200µg/mL kanamycin. 
Plasma 
Exposure 
(Sec) 
Campylobacter 102 Campylobacter 103 Campylobacter 104 
 Log10 (*) % Log10 (*) % Log10 (*) % 
15  0.34 (.98) 52.3 0.64(1.37) 69.4 0.80(1.93) 84 
30  0.43 (.95) 56.4 1.81(1.14) 98.4 1.39(1.79) 91.2 
45 0.74 (.88) 73.5 1.48(1.19) 93.7 2.45(1.61) 95.9 
60 0.85 (.86) 72.6 1.69(1.16) 94.7 2.23(1.64) 98.9 
75 1.18 (.80) 93.2 1.18(1.25) 88.2 2.88(1.56) 99.8 
90 1.16 (.81) 88.2 1.54(1.18) 95.7 2.19(1.64) 97.1 
105 1.26 (.79) 92.8 1.68(1.16) 96 1.63(1.74) 92.4 
120 1.05 (.83) 88.2 1.74(1.15) 97.1 2.20(1.64) 98.1 
135 0.92 (.85) 83.5 1.82(1.14) 97.1 2.25 (163) 96.7 
150 0.99 (.83) 85.7 1.81(1.14) 96.1 2.88(1.56) 99.7 
165 1.42 (.78) 96.6 1.76(1.15) 94.9 3.11(1.54) 98.5 
180 1.21 (.80) 89.7 1.87(1.13) 97.3 2.30(1.63) 97.3 
*Standard error of mean 
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Table 2.13: Reduction of background microflora after application of plasma.  Log10 
and % reduction of of background micro flora after plasma application to both boneless 
skinless chicken breast and the skin on chicken thigh.  
Plasma Exposure Breast Skin 
 Log10 * % Log10 % 
15 Sec 
0.80 (.08) 9.5 0.74 (.30) 10.1 
15 Sec 
0.88 (.11) 10.6 -0.25 (.27) -3.5 
15 Sec 
0.84 (.10) 10.1 0.48 (.15) 7.1 
30 Sec 
0.83 (.14) 9.8 0.28 (.18) 3.9 
30 Sec 
0.80 (.11) 9.6 -0.04 (.43) -0.7 
30 Sec 
0.91 (.07) 10.9 0.38 (.40) 5.6 
*Standard error of mean 
 
 
2.5 Discussion 
While a limited number of studies have examined the ability of non-thermal 
plasma to reduce pathogens on the surface of produce none have examined the 
effectiveness of plasma to reduce pathogens on the surface of raw poultry [104, 105, 112, 
113].  When comparing studies performed with plasma it is important to note that there 
are many different types of plasma units that work in different ways.  Critzer et al., 2007, 
used one atmospheric glow discharge plasma which places the samples outside of the 
unit, the unit concentrates the reactive species such as ozone and then applies them onto 
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the surface of the product using air flow.  They found that after adding E. coli at a level 
of 1 x 107 on apples was reduced >1 log10 after 30 seconds and >2 log10 after 2 minutes.  
Salmonella at the same level was inoculated onto cantaloupe and showed >2 log10 
reduction after 1 minute, and >3 log10 reduction after 3 minutes.  Listeria at the same 
level on lettuce showed the greatest susceptibility with >1 log10 reduction after 1 minute 
and >5 log10 reduction after 5 minutes [104].  Although these results show a higher 
reduction than our study it may be more a result of such a high innoculum level and 
longer exposure times.  This type of plasma is better suited for exposing larger and less 
uniform shaped objects than our DBD probe but its application may be limited with the 
higher concentrations of reactive oxygen species there is a greater safety concern.  In 
contrast, Niemira and Sites, 2008 applied gliding arc discharge plasma to apples 
inoculated with 1 x 108 E. coli and Salmonella and achieved a maximum reduction of 3.6 
and 3.7 log10 respectively after 3 minutes [105]. Gliding are discharge plasma also uses 
airflow to deliver the reactive species created by the plasma to the surface of the apple.  
This type of plasma works by having the electrode and the sample in an enclosed 
container and applying filtered air through the electrode.  The flow rate of the air can be 
adjusted and they found that increased flow rate showed an increased reduction.  These 
results at 3 minutes are larger than ours but this may also be a result of a much larger 
innoculum level.  We obtained a reduction of approximately 98% for both 1 x 104 
Salmonella and Campylobacter on chicken breast after 3 minutes.   
The objective of this study was to determine the effectiveness of plasma on 
reducing pathogens on raw poultry at relatively low innoculum levels which might be 
realistically present.  When plasma was applied to Salmonella enterica and 
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Campylobacter jejuni on the agar surface both the antibiotic resistant and wild-type 
strains were equally susceptible to plasma.  This confirmed that the antibiotic resistant 
strains were equally susceptible as the wild-type strains.  Antibiotic resistant strains were 
employed to ensure that microbial plate counts recovered were representative of the 
innoculum added to the chick surface.  Salmonella and Campylobacter both showed to be 
highly susceptible to plasma application on agar plates.  Higher levels of innoculum (1 x 
105 and 1 x 106) required 10 sec to be completely inactivated on the plate as compared 
with the lower innoculums levels (1 x 104 and lower) indicating that cell density may 
have an effect on plasma effectiveness at killing bacteria. 
The application of plasma on the surface of chicken breast and skin inoculated 
with either Salmonella and Campylobacter resulted in a large initial reduction at 15 sec 
showing the immediate effectiveness of plasma exposure, followed by further reduction 
up to the longest exposure time at 180 seconds.  When plasma was applied to chicken 
with no innoculum to determine the effect on background microflora the results were 
much lower than expected.  While plasma was able to reduce large numbers of pathogens 
at 15 seconds; similar reductions in background mifcroflora were not observed.  One 
reason for this may be that the background microflora may be more resistant to plasma.  
This is unlikely although there are numerous species that could be colonizing the raw 
chicken including gram (+) species but plasma has been shown effective in reducing 
gram (+) organisms such as Listeria monocytogenes [104].  Another possibility is that 
this background has had more time to attach and colonize to the surface of the chicken 
and is not suspended in buffer like inoculums.  Plasma is more effective on moister 
surfaces and although chicken itself is moist the buffer added to this.  Yu et al., 2006 
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showed a decrease in the rate of kill of E.coli with increased concentration when exposed 
to plasma on a membrane [114].  With no additional liquid added the cell density of the 
endogenous flora may be what is limiting plasma’s effectiveness.  On chicken breast 
there was an increase in reduction from 15 seconds to 30 seconds which shows promise 
that with longer time points there may be a larger reduction of background microflora.  It 
may also be possible to further moisten the surface of the chicken before plasma exposure 
to determine if that has a higher rate of reduction.  The reduction of background 
microflora has the potential to extend the shelf-life of raw chicken, making plasma a 
more attractive intervention for poultry processing. 
There were no visible changes to the color or texture of the chicken surface after 
application of plasma.  Sensory studies are needed to determine if there is a change in 
appearance over time or after packaging.  Further sensory studies would also be needed 
to determine if plasma causes any adverse effects to the taste or smell of the chicken.    
One limitation of this study is the plasma probe requiring a flat surface to be most 
effective, causing variation in the results based on variation in pieces of chicken.   Care 
was taken to select flat pieces of chicken but no piece is completely flat and this 
inconsistency may have caused some of our variation.  Plasma also appeared to be more 
effective on chicken breast then on chicken skin.  The surface of the chicken skin is not 
easily treated by plasma due to the pores and feather follicles covering the surface.  When 
plasma is exposed to these surfaces it does not apply evenly, but instead concentrates on 
the higher topographic points, when the innoculum collects more in the pores of the skin.  
Due to the fact that the innoculum seemed to be absorbed into the skin or possibly 
collected into these pores there was also decreased recovery seen with controls.  The 0 
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sec controls were compared to the other time points to determine the reduction and since 
our recovery was lower the reduction is also lower.  
Further development of plasma is needed to be more effective in processing.  The 
first limitation to plasma is the size of the probe.  Our probe was approximately two 
inches in diameter with approximately one inch exposing plasma to the surface.  The 
plasma needs to be able to expose full pieces, or ideally, multiple pieces of chicken to be 
more effective.  Another limitation of plasma is the need for a flat surface.  Boneless 
skinless chicken breast is one of the flattest cuts of chicken available, and differences in 
results were still seen with variation of the surface of each piece.  To be more effective 
the plasma needs to have the ability to uniformly expose the entire surface.  It should also 
be noted that the plasma unit used for this study has the ability to increase the voltage 
there by, increasing the power of the plasma.  For this entire study the unit was left on the 
lowest setting to be consistent.  The effects higher voltage may have in the reduction of 
bacteria or the surface of the chicken are not known.  
2.6 Conclusion 
This study demonstrates that plasma is effective at reducing Salmonella enterica 
and Campylobacter jejuni on the surface of chicken breast and skin.  Further 
development is needed to be able to expose an entire piece of chicken and compensate for 
the irregular surfaces, in particular, chicken skin.  Sensory studies should be performed to 
determine if plasma exposure has any effect on taste of exposed chicken.   Plasma is non-
thermal, causing no apparent adverse effects to the meat, and is relatively inexpensive 
and safe to work with.  If further developed, plasma has the potential to become an 
important intervention in poultry processing. 
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Appendix A:  Supplementary Data 
 
 
 
 
Figure A.1: Standard curve of Salmonella enterica ATCC# 13076.  Standard curve 
generated by plotting the absorbace of culture dilutions at 600nm against CFU/mL of 
culture determined by plate counts. 
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Figure A.2: Standard curve of Salmonella enterica ATCC# 19214.  Standard curve 
generated by plotting the absorbace of culture dilutions at 600nm against CFU/mL of 
culture determined by plate counts. 
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Figure A.3: Standard curve of Campylobacter jejuni RM 2002.  Standard curve 
generated by plotting the absorbace of culture dilutions at 600nm against CFU/mL of 
culture determined by plate counts. 
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Figure A.4: Standard curve of Campylobacter jejuni RM 1849.  Standard curve 
generated by plotting the absorbace of culture dilutions at 600nm against CFU/mL of 
culture determined by plate counts. 
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Figure A.5: Standard curve of Campylobacter jejuni ATCC# 700819.  Standard curve 
generated by plotting the absorbace of culture dilutions at 600nm against CFU/mL of 
culture determined by plate counts. 
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Figure A.6: Total CFU Recovered from innoculum of Salmonella enterica 102 on 
boneless skinless chicken breast after plasma application.  Total CFU recovered after 
plasma application to boneless skinless chicken breast  inoculated with Salmonella 
enterica ATCC# 19214 at a level of 1 x 102 total CFU.  Samples were plated onto 
Antibiotic Medium 1 Agar with 20µg/mL each of streptomycin, tetracycline, and 
chloramphenicol.  Error bars displaying standard error of the mean. 
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Figure A.7: Total CFU Recovered from innoculum of Salmonella enterica 103 on 
boneless skinless chicken breast after plasma application.  Total CFU recovered after 
plasma application to boneless skinless chicken breast  inoculated with Salmonella 
enterica ATCC# 19214 at a level of 1 x 103 total CFU.  Samples were plated onto 
Antibiotic Medium 1 Agar with 20µg/mL each of streptomycin, tetracycline, and 
chloramphenicol.  Error bars displaying standard error of the mean. 
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Figure A.8: Total CFU Recovered from innoculum of Salmonella enterica 104 on 
boneless skinless chicken breast after plasma application.  Total CFU recovered after 
plasma application to boneless skinless chicken breast  inoculated with Salmonella 
enterica ATCC# 19214 at a level of 1 x 104 total CFU.  Samples were plated onto 
Antibiotic Medium 1 Agar with 20µg/mL each of streptomycin, tetracycline, and 
chloramphenicol.  Error bars displaying standard error of the mean. 
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Figure A.9: Total CFU Recovered from innoculum of Salmonella enterica 102 on 
chicken thigh with skin after plasma application.  Total CFU recovered after plasma 
application to chicken thigh with skin  inoculated with Salmonella enterica ATCC# 
19214 at a level of 1 x 102 total CFU.  Samples were plated onto Antibiotic Medium 1 
Agar with 20µg/mL each of streptomycin, tetracycline, and chloramphenicol. Error bars 
displaying standard error of the mean. 
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Figure A.10: Total CFU Recovered from innoculum of Salmonella enterica 103 on 
chicken thigh with skin after plasma application.  Total CFU recovered after plasma 
application to chicken thigh with skin  inoculated with Salmonella enterica ATCC# 
19214 at a level of 1 x 103 total CFU.  Samples were plated onto Antibiotic Medium 1 
Agar with 20µg/mL each of streptomycin, tetracycline, and chloramphenicol. Error bars 
displaying standard error of the mean. 
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Figure A.11: Total CFU Recovered from innoculum of Salmonella enterica 104 on 
chicken thigh with skin after plasma application.  Total CFU recovered after plasma 
application to chicken thigh with skin inoculated with Salmonella enterica ATCC# 19214 
at a level of 1 x 104 total CFU.  Samples were plated onto Antibiotic Medium 1 Agar with 
20µg/mL each of streptomycin, tetracycline, and chloramphenicol. Error bars displaying 
standard error of the mean. 
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Figure A.12: Total CFU Recovered from innoculum of Campylobacter jejuni 102 on 
boneless skinless chicken breast after plasma application.  Total CFU recovered after 
plasma application to boneless skinless chicken breast  inoculated with Campylobacter 
jejuni RM 2002 at a level of 1 x 102 total CFU.  Samples were plated onto Mueller Hinton 
agar with 200µg/mL of kanamycin. Error bars displaying standard error of the mean. 
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Figure A.13: Total CFU Recovered from innoculum of Campylobacter jejuni 103 on 
boneless skinless chicken breast after plasma application.  Total CFU recovered after 
plasma application to boneless skinless chicken breast inoculated with Campylobacter 
jejuni RM 2002 at a level of 1 x 103 total CFU.  Samples were plated onto Mueller Hinton 
agar with 200µg/mL of kanamycin. Error bars displaying standard error of the mean. 
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Figure A.14: Total CFU Recovered from innoculum of Campylobacter jejuni 104 on 
boneless skinless chicken breast after plasma application.  Total CFU recovered after 
plasma application to boneless skinless chicken breast inoculated with Campylobacter 
jejuni RM 2002 at a level of 1 x 104 total CFU.  Samples were plated onto Mueller Hinton 
agar with 200µg/mL of kanamycin. Error bars displaying standard error of the mean. 
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Figure A.15: Total CFU Recovered from innoculum of Campylobacter jejuni 102 on 
chicken thigh with skin after plasma application.  Total CFU recovered after plasma 
application to chicken thigh with skin inoculated with Campylobacter jejuni RM 2002 at 
a level of 1 x 102 total CFU.  Samples were plated onto Mueller Hinton agar with 
200µg/mL of kanamycin. Error bars displaying standard error of the mean. 
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Figure A.16: Total CFU Recovered from innoculum of Campylobacter jejuni 103 on 
chicken thigh with skin after plasma application.  Total CFU recovered after plasma 
application to chicken thigh with skin inoculated with Campylobacter jejuni RM 2002 at 
a level of 1 x 103 total CFU.  Samples were plated onto Mueller Hinton agar with 
200µg/mL of kanamycin. Error bars displaying standard error of the mean. 
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Figure A.17: Total CFU Recovered from innoculum of Campylobacter jejuni 104 on 
chicken thigh with skin after plasma application.  Total CFU recovered after plasma 
application to chicken thigh with skin inoculated with Campylobacter jejuni RM 2002 at 
a level of 1 x 104 total CFU.  Samples were plated onto Mueller Hinton agar with 
200µg/mL of kanamycin. Error bars displaying standard error of the mean. 
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Figure A.18: Total Log10 CFU reduction from background microflora on boneless 
skinless chicken breast after plasma application.  Plasma was applied to boneless 
skinless chicken breast and samples to determine reduction of background microflora.  
Each trial consited of one piece of chicken with one area being samples to determine 
amount of background microflora(control)  and another area having plasma applied 
before sampling (experimental).  Reduction was determined by comparing the control to 
experimental.  Error bars displaying standard error of the mean. 
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Figure A.19: Total Log10 CFU reduction from background microflora on chicken 
thigh with skin after plasma application.  Plasma was applied to chicken thigh with 
skin and samples to determine reduction of background microflora.  Each trial consited of 
one piece of chicken with one area being samples to determine amount of background 
microflora(control)  and another area having plasma applied before sampling 
(experimental).  Reduction was determined by comparing the control to experimental.  
Error bars displaying standard error of the mean. 
93 
 
Appendix B: Media Formulations 
Antibiotic Medium 1 Agar with 20µL/mL tetracycline, chloramphenicol, and 
streptomycin: 
Media was prepared and autoclaved per manufacturers instructions (BD, ), media was 
cooled to ~50°C and appropriate amount of filter sterilized 20mg/mL (1000X) stocks of 
each antibiotic were added.  The plates were then poured and left to dry. 
 
Meuller Hinton Agar with 200µL/mL kanamycin: 
Media was prepared and autoclaved per manufacturers instructions (BD, ), media was 
cooled to ~50°C and appropriate amount of filter sterilized 200mg/mL (1000X) stocks of 
each antibiotic was added.  The plates were then poured and left to dry. 
 
Phosphate Buffer (.1M pH 7.2) 
Monosodium phosphate, monohydrate 4.5633g/L 
Disodium phosphate, heptahydrate 18.3263 grams/L 
 
 
 
 
 
 
 
